The role of Cl-in photosynthetic 02 evolution has been investigated by observing the Cl NMR linewidth under a variety of conditions in aqueous suspensions of chloroplasts, primarily for the halophytes Avicennia germinans, Avi. cennia marina, and Aster tripolium but also for spinach. The line broadening shows there is weak, ionic binding of Cl-to thylakoids, the bound Cl-exchanging rapidly (>>104 sec'1) with free Cl-in solution. The binding is necessary for 02 evolution to occur. Michaelis-Menten constants obtained from the Cl-dependence of the 02 evolution rate are -15-70 mM for the halophytes compared with 0.6 mM for spinach (0.5 mM with Br-). There appear to be two types of Cl-binding sites in halophytes, of which the stronger is the activator, at lower [Cl-], of 02 evolution. The 35CI line broadening includes a nonspecific interaction, which becomes apparent at high Clconcentrations (Z0.5 M).
The chloride ion is an essential cofactor for photosynthetic 02 evolution (1) (2) (3) (4) , but the mechanism of its action has not been established. The addition of 10-20 mM Cl-to Cl--depleted thylakoids from glycophytes restores almost completely their 02-evolving activity (1) (2) (3) . For halophytes, the [Cl-] needed is >10-fold higher (5, 6) . Moreover, only anions with similar ionic radii (Br-, NOD are effective in replacing Cl-. Small anions such as F-and OH-are inhibitory, F-probably by displacing Cl-, while larger ions have no effect (6, 7) .
The large Cl-requirement (0.1-0.5 M) makes the halophytic thylakoids particularly suitable for 35CI NMR studies (6, 7) . We have reported elsewhere (6, 7) that 02 evolution in the presence of optimal Cl-concentrations has a pH dependence very similar to that of the 35C1 NMR line broadening, which is indicative of Cl-binding. This observation and the specificity for Cl-have led us to propose that Cl-facilitates electron transport in photosystem II (PSII) by reversible ionic binding affecting the 02-evolving complex or the thylakoid membrane nearby (7) .
In the present paper we consider in more detail the depen- 
MATERIALS AND METHODS
Thylakoids and Hill Reaction. Thylakoids were isolated from leaves of Avi. germinans and A. tripolium as reported (7) . The A. tripolium thylakoids were isolated from plants that were grown in salt-sufficient medium. Chlorophyll concentration [Chl] was determined as described elsewhere (8) . Electron transport activity was measured polarographically as 02 evolution with ferricyanide, except for our spinach data in Table 1 , which were determined spectrophotometrically with 2,6-dichlorophenolindophenol as electron acceptor at saturating light intensity (7) . Thylakoid preparation and Cl-depletion were carried out in spinach as described by Kelley and Izawa (3) and also by a method that uses an uncoupler of photophosphorylation at alkaline pH (9) . All reaction rates were measured at 250C.
NMR Spectra. The 35C1 NMR spectra were recorded at 24.51 MHz on a laboratory-assembled, high-field multinuclear spectrometer (NSF 250) of the Oldfield and Meadows design (10) . 81Br NMR spectra were recorded on the same spectrometer at 67.57 MHz under conditions similar to those for 35CI. Data accumulation and processing were performed on an NIC 1080 computer (Nicolet Instruments, Madison, WI). Standard conditions included accumulation of free induction decays in quadrature with 30-/Ls (90°) pulses, 102-ms recycling time, ±20 kHz sweepwidth, and 16-k data points. For optimal resolution, standard 5-mm NMR tubes were used with 3-mm inserts and -40 Hz vertical sample spinning. An NMR probe with a large sideways spinning sample tube (10) was used for 35C1 and 81Br spectra of spinach thylakoids with low anion concentrations. Unless otherwise specified, spectra were recorded at 250C.
The linewidths usually are the average of measurements made graphically on several different recorded spectra. In some instances they are a measurement from the best of several spectra. The Cl-concentrations of 15-70 mM required by the halophytes for their Vmax/2 rates are 20-to 100-fold larger than the -0.6 mM Cl-(or Br-) required by spinach. Also, at a pH of 7.8, Avi. germinans required nearly a 4-fold higher [Cl-] for Vmax/2 than at a pH of 7.4. Table 1 gives a summary of the Cl--dependence data from Fig. 1 and from our current work on A. tripolium and spinach. The latter includes a set of measurements with added NaBr instead of NaCl. The Clconcentrations given for Vmax are sometimes rather arbitrary; moreover, the Hill activity often decreases at still
EXPERIMENTAL RESULTS
35CI NMR Line Shapes. Some representative 35C1 line shapes are reproduced in Fig. 2; Fig. 2 , curve E, is the spectrum of aqueous 0.5 M NaCl for comparison. It is a relatively narrow, Lorentzian line with a full width at half-maximal amplitude (Av) of 17 Hz; this includes instrumental broadening of -3 Hz. The spectra of the thylakoid suspensions are severalfold broader. Such broadening is characteristic of the binding of Cl-to proteins (11) .
The spectrum of thylakoids from Avi. germinans with 250 mM NaCl (Fig. 2 , curve A) is also a single Lorentzian line, with a Az. of 86 Hz. However, those of A. tripolium also with 250 mM NaCl (Fig. 2 , curve B) and of spinach with 10 mM NaCl (Fig. 2 , curve C), besides having a central component similar to the spectrum of Avi. germinans, also have a symmetrically placed broader component visible in the shoulders of the main peak. For A. tripolium the widths of the two components are about 50 and 190 Hz, with integrated intensities of -2:3. For spinach at 10 mM NaCl the linewidths are 70 and 220 Hz, with intensities of 3:5.
By using rf probes having a sideways spinning sample (7 ml in vol) we are now able to record spectra of spinach thylakoids at 4 mg of Chl per ml with [Cl-] as low as 0.2-0.5 mM [1] in which A/lobs is the linewidth observed in the thylakoid suspensions and Avtree is that for "free" Cl-in aqueous NaCl at the same total [Cl-].
At both Chl concentrations in Fig. 3 Fig. 4 for 50C; it is linear except possibly for concentrations above -6 mg/ml.
The effect of temperature (0-17'C) upon AP, is shown in Fig. 5 (Table   1 ). An earlier analysis by Kelley and Izawa (3) of spinach data gave a larger Km, 0.9 mM at pH 7.2. However, the medium contained 2 mg of bovine serum albumin per ml, which might bind Cl-.
A linear double-reciprocal plot (not shown), with a Km of 50 mM, was obtained from the data in Fig. 1 for Avi. germinans at pH 7.8. However, the double-reciprocal plots of the data for the other entries in Table 1 (11, (13) (14) (15) . By adding EDTA to the suspensions and by decoupling the protons and using 2H20 instead of H20 as the medium, we have shown that relaxation by paramagnetic species (7) and by proton dipolar interactions contributes <1-2 Hz to the 35CI linewidth. Therefore, a 35C1 nucleus bound to a thylakoid is predicted to have a Lorentzian line shape with a width determined by the quadrupolar interactions (11) A 'b = (2/5)1T(e2qQ/h)2,Tc, [5] in which e is the electronic charge, eq is the electric field gradient at the nucleus, which has an electric quadrupole moment eQ, and rc is the correlation time characterizing fluctuations of the electric field gradient.
Fast chemical exchange of Cl-between bound and free (but hydrated) states averages the different relaxation rates and linewidths and gives in the extreme narrowing limit (11, 15) a single Lorentzian line of width A\obs = fb APb + (1 -fb)A\tree, [6] in which fb is the fraction of Cl-that is bound. Avb can be quite large so that the binding of even a small fraction of the Cl-can affect the averaged linewidth by substantial amounts. Such averaging accounts for the single 35C1 NMR lines found in most of our observations (Figs. 2-5) .
However, composite line shapes similar to those in Fig. 2 , curves B and C, were found in several instances. They tend to occur at higher Chl concentrations and acidic pHs-for example, in Avi. germinans at [Chl] -6 mg/ml and pH 5.8 . A study was made of the temperature dependence of the composite line shape for the latter. Above 70C the line shape became single and the temperature dependence of its width paralleled that for the single line for Avi. germinans in the less concentrated suspension (2.9 mg of Chl per ml, Fig. 5 ), also at pH 5.8. This suggests that the broad component arises from the separation under some conditions of the suspension into two "phases" between which the Cl-exchange is slow.
At the high Chl concentrations employed, the suspensions are semisolid, so such behavior is not unreasonable. A likely explanation is that the broad component arises from Cl-"trapped" in and more tightly bound to the grana stacks of appressed membranes. Electron microscopy has shown that under the conditions in which the broader 35CI component is observed, there is also a larger proportion of appressed membranes (refs. 16-18, glycophytes; unpublished data, halophytes). One would expect Cl-diffusion through the grana stacks to be slower than through unappressed thylakoids.
Temperature Dependence of 35CI Linewidth. Our analysis of the concentration dependence of the 35CI linewidth is based on Eq. 6, which assumes that chemical exchange is fast enough for the extreme narrowing limit to apply. Usually ,Ab >> AVfree (11) , alsofb << 1, so to a good approximation, Eqs. 6 and 1 can be combined as APt = AVobs -AZfree -fb/lVb , [7] When chemical exchange is slow, the value for A vb in Eq. 7 is replaced by the more general term (14)
in which T2b is the transverse relaxation time of chlorine nuclei in the bound state, Tex is their mean lifetime there, and
Avb is still that given by Eq. 5.
The lifetime Tex decreases at higher temperature, so if it were significant the broadening AP, produced by the thylakoids would increase at higher temperatures. Alternatively, if rex is negligible, the temperature dependence of Apt is determined by that of Tc in Eq. 5, which decreases at higher temperatures. In the actual case, Avt decreases at higher temperatures (Fig. 5) , confirming that the 35CIinewidth is dominated by the quadrupole relaxation. This conclusion is consistent with the detailed studies of Cl-binding to hemoglobin (13) .
Concentration Dependence of 35C1 Linewidth. If the fraction fb of the Cl-bound to thylakoids is small, it may be expressed in terms of the binding constant Kb, the total concentration of binding sites [E]t, and the total Cl-concentration [ClI. Thereby, Eq. 7 is converted to the following expression (13) for the concentration dependence of the resultant broadening
[9]
For a fixed [Cl-] it predicts that AV, will be a linear function of [E]t and thereby of [Chil] . This agrees with the data in Fig.   4 , where the straight line extrapolates to the origin.
For fixed [Chl] , Eq. 9 predicts that AP, is largest at low [Cl-] and drops to zero hyperbolically as the [Cl-] becomes large and the fraction bound becomes small. The data for
Avi. germinans in Fig. 3 at Chl concentrations of 2.9 and 5.0 mg/ml are in only partial agreement with this prediction. At high [Cl-] both curves approach relatively large Avis, =30 and =70 Hz, respectively, rather than zero. These results are similar to those reported for chloride binding to henmoglobin, which were interpreted in terms of two binding sites, one characterized by a high and the other by a low binding constant (13) .
In our case, the near constancy of Av, at high [Cl-] leads us to suggest that it is a limiting value caused by a nonspecific interaction of the Cl-with the membranes. The relaxation mechanism could be the diffusional encounter by Cl-ions of the hydrophobic hydration spheres of nonpolar groups in the membranes, such as that proposed to account for the strong relaxation of 81Br in aqueous solution with organic solutes (19) . Support for this interpretation is provided by the effects of heating the thylakoids for 3.5 min at 450C (7) . The treatment eliminates oxygen evolution and reduces the 35CI line broadening to the =30 Hz found at higher [Cl-] with unheated thylakoids, both attributable to deactivation of the specific binding sites by heating. Another feature of Fig. 3 at variance with Eq. 9 is the "plateau" region of large APt at the lower [Cl-] in the top curve for 5 mg of Chl per ml. Moreover, the top curve is displaced upward from the bottom curve by more than the predicted ratio of Chl concentrations (5:2.9). The discrepancies most likely are caused in some manner by the large [Chl], as in Fig. 4 
